The millimeter wave spectrum of the isotopically substituted CO dimer, ͑ 12 C 18 O͒ 2 , was studied with the Orotron jet spectrometer, confirming and extending a previous infrared study ͓A. R. W. McKellar, J. Mol. Spectrosc. 226, 190 ͑2004͔͒. A very dilute gas mixture of CO in Ne was used, which resulted in small consumption of 12 C 18 O sample gas and produced cold and simple spectra. Using the technique of combination differences together with the data from the infrared work, six transitions in the 84-127 GHz region have been assigned. They belong to two branches, which connect four low levels of A + symmetry to three previously unknown levels of A − symmetry. The discovery of the lowest state of A − symmetry, which corresponds to the projection K = 0 of the total angular momentum J onto the intermolecular axis, identifies the geared bending mode of the 12 
I. INTRODUCTION
During the last years significant experimental progress has been achieved in understanding the previously mysterious spectra of the carbon monoxide dimer as well as its energy level pattern. Following the pioneering but inconclusive 1979 microwave results of Vanden Bout et al., 1 a series of infrared and millimeter wave spectroscopic studies of ͑ 12 C 16 O͒ 2 ͑Refs. 2-10͒ were carried out. The results are summarized in a recent paper. 11 There has also been parallel progress 12, 13 in understanding the structure and dynamics of ͑CO͒ 2 by means of accurate ab initio calculations of the potential energy surface, which appear to be especially difficult for this system, [14] [15] [16] [17] [18] [19] [20] combined with calculations of its rovibrational states.
It was experimentally established that the rotational levels of the CO dimer occur in "stacks" with well defined values of K ͑=0,1,2͒, the quantum number for the projection of the total angular momentum J on the intermolecular axis.
The intermolecular axis is the vector R from the center of mass of one CO monomer to that of the other CO monomer. Each stack of rotational levels has been given an arbitrary label, a , b , c ,.... The CO dimer is a floppy system with permutation-inversion ͑PI͒ group G 4 generated by the interchange of the two identical monomers and inversion. 21, 22 This group has the irreducible representations ͑irreps͒ A ± and B ± , where the Ϯ parity label denotes the inversion symmetry. For standard ͑ 12 C 16 O͒ 2 isotopolog the B ± symmetry are Pauli forbidden ͑they have nuclear spin statistical weight zero͒ because both 12 C and 16 O are bosons with zero nuclear spin. Hence, the rovibrational states of the 12 C 16 O dimer can be classified as having either A + or A − PI symmetry. A remarkable feature of the energy level scheme is the apparent presence of two isomers in the form of two lowlying A + , stacks with K =0 ͑the ground a state and the excited c state at 0.88 cm −1 ͒. Recent theoretical calculations 12, 13 have shed much light on this problem. It was found that both isomers are planar with slipped antiparallel structures ͑see calculated potential energy surface with the C atoms closer to each other than the O atoms ͓see Fig. 1͑a͔͒ . The C atoms have a larger van der Waals radius than the O atoms, so the distance R between the centers of mass of the monomers is relatively large in this equilibrium geometry. The c state corresponds to a local minimum in the intermolecular potential where the O atoms are closer together, and the distance R between the monomers is much smaller ͓see Fig. 1͑b͔͒ . There is also A + / A − symmetry splitting ͑formerly believed to be a tunneling splitting͒, represented by the separation between the A + ground state ͑the a state͒ and the lowest A − stack ͑the e state at 3.73 cm −1 with K =0͒. The ab initio studies 12, 13 have shown that this A + / A − separation corresponds to an antisymmetric vibration or geared bending motion of the complex. The very low excitation frequency indicates that the dimer is indeed very floppy.
Usually for such floppy dimers one finds tunneling between equivalent minima. In the equilibrium geometry of the dimer the two monomers are inequivalent, and tunneling interchanges the monomers. See, for example, work on HF-HF ͑Refs. 23 and 24͒ and HCl-HCl, 25 as well as on the water dimer. 26, 27 In all these hydrogen bonded complexes there is a tunneling process that interchanges the donor and the acceptor in the hydrogen bond. In the case of the CO dimer the point group C 2h of each equilibrium structure is isomorphic to the PI group G 4 , so there is no interchange tunneling at either of the two minima. The two minima are separated by an energy barrier, and without tunneling there would be two vibrational ground state wave functions corresponding to two "isomers" localized in either one of the wells ͑corresponding to the stacks a and c͒. Calculations on the ab initio potential computed by the coupled cluster method with singly and doubly excited states and perturbative inclusion of triples 12 ͓CCSD͑T͔͒, and on the potential obtained from symmetryadapted perturbation theory with monomer wave functions from density functional theory 13 ͑SAPT-DFT͒ indeed produced such a situation of two isomers localized in either of the two potential wells. However, the relative energies of these a and c isomers did not agree with experiment; nor did the vibrationally averaged intermolecular distances R. Also the energies of the higher stacks showed rather large discrepancies relative to the experimental data, and the shifts predicted when 12 C was substituted by 13 C were completely wrong. Then a hybrid intermolecular potential energy surface was devised as a weighted average of the two potentials from CCSD͑T͒ and SAPT-DFT, with an empirically determined weighting coefficient. 13 The weighting coefficient ͓0. The delocalization of the lowest two eigenstates of the rovibrational Hamiltonian implies that the system tunnels between the two potential wells through the barrier that separates these wells. Hence, one finds in the case of the CO dimer that tunneling occurs between two inequivalent minima in the intermolecular potential surface. This is directly related to the fact that the D 0 energy difference between the a and c isomers is extremely small: 0.88 cm −1 , which is the more striking since the global and local minima differ by as much as 16 cm −1 in depth D e ͑in the hybrid potential͒. This difference in D e is almost completely compensated by the larger zero-point vibrational energy in the global minimum ͑which has a narrower well than the local minimum͒.
On the experimental side, one avenue towards a more complete understanding of the CO dimer is the study of isotopically substituted species. Thus, the infrared 28 and millimeter wave 29 spectra of ͑ 13 C 16 O͒ 2 have been studied in some detail, and there is also limited data for the mixed dimer, 12 C 16 O-13 C 16 O. 5, 30 More recently, the infrared spectrum of the 12 C 18 O dimer was also observed. 31 The present paper reports the first millimeter wave study of this ͑ 12 C 18 O͒ 2 isotopolog in the frequency range of 84-127 GHz. These results lead to a considerable extension of the previous analysis of this isotopolog, which was based on its infrared spectrum. 31 The lowest stack of A − symmetry was discovered, in addition to the two stacks of A + symmetry determined earlier. 31 The infrared spectra of ͑ In order to explain this behavior new rovibrational calculations were made based on the hybrid potential. 13 These are described in Secs. IV and V, while the experiments are presented in Secs. II and III.
II. EXPERIMENTAL DETAILS
The millimeter wave spectra of the 12 C 18 O dimer were measured in some selected frequency ranges from 84 to 127 GHz using the intracavity jet spectrometer, Orotron. Details of the setup are given elsewhere. 32 Briefly, the homemade millimeter wave generator Orotron is placed in the vacuum chamber together with the supersonic jet apparatus. The molecular beam is injected into the Orotron cavity perpendicularly to its axis. The high Q factor of the cavity results in 100 effective passes of the radiation through the jet. Absorption in the cavity causes changes of the electron current in the collector circuit of the Orotron and is detected very sensitively by measuring these current changes. A small part of the millimeter wave radiation is taken out of the cavity through coupling openings in a spherical mirror and is mixed with the radiation of the HP 8671B microwave synthesizer for frequency determinations.
The experiment was performed with a pinhole pulsed jet source ͑General Valve, series 9͒. The diameter of the nozzle was 0.8 mm, and the typical repetition rates were 10-15 Hz. The pumping system utilized an Edwards 9B3K booster pump and, as backing, a Pfeiffer DUO 20M rotary pump. We used a gas mixture of 1% of 12 C 18 O in Ne at a backing pressure of 3.5 bars. Such a dilute gas mixture resulted in small consumption of the 12 C 18 O sample gas as well as cold and simple spectra. For most of the absorption measurements, the full linewidth at half height ͑FWHH͒ is about 300 kHz and the accuracy of line center positions is estimated to be about 50 kHz.
III. EXPERIMENTAL RESULTS AND ANALYSIS
The initial search for the millimeter wave transitions of the 12 C 18 O dimer was based on the energies of the lowest a and c stacks known from the infrared work 31 and the presumption that the general pattern of the ͑ 12 C 18 O͒ 2 energy levels is similar to that of ͑ 12 C 16 O͒ 2 and ͑ 13 C 16 O͒ 2 . But since all infrared ground state energy levels have A + symmetry, transitions among them are not allowed and they do not directly predict any millimeter wave positions. Rather, they contain combination differences which must also appear in the millimeter wave spectrum. Thus, for example, if we suspected that a certain millimeter wave line was an R͑0͒ transition, we could predict the position of a possible P͑2͒ line from the energies of the appropriate J = 2 levels which were already known to infrared accuracy. 31 In this way it was possible to put together a number of millimeter wave line assignments that were consistent with the infrared results.
The assignment resulted in the positive identification of transitions involving a new upper stack of levels with A − symmetry in combination with the known a stack of A + symmetry. Based on its energy, it was reasonable to identify this new stack as the e stack with K = 0, which was already known for ͑ 12 C 16 O͒ 2 and ͑ 13 C 16 O͒ 2 . The assignment of the e state is especially important since this gives the lowest energy stack with A − symmetry, and hence establishes the frequency of the lowest intermolecular mode of the dimer that we now know undoubtedly to be the geared bending mode.
The assigned millimeter wave transitions of ͑ 12 C 18 O͒ 2 are listed in Table I . The measurement uncertainty is better than 50 kHz. These data were combined in a least-squares term value analysis to determine a consistent set of energy levels, as given in Table II . Since the energies come from a term value analysis, they are almost entirely model independent. One of the observed lines, namely, the a → e R͑2͒ line, is displayed in Fig. 2 . No transitions were observed from the c state to the e state in spite of an extensive search.
The energy levels determined here for the a state ͑Table II͒ may be directly compared with the earlier infrared results ͑Table III of Ref. 31͒. For the four independent levels the agreement is perfect, with the worst deviation of 0.0004 cm −1 for the J = 6 level. Table III , which includes parameters for the a, c, and e states. The parameters for the a state differ slightly from those determined previously 31 due to the more accurate measurement of the energy levels in the millimeter wave experiment. The table also includes values for the effective intermolecular separations R eff = ͑2B͒ −1/2 for each stack determined directly from the fitted B values. These separations are used as the horizontal axis for the energy level diagram in Fig. 3 .
In order to compare results for different CO dimer isotopologs it is useful to use the values of R eff rather than the rotational constants B, since most of the differences in the latter are due simply to changes in the reduced mass. Figure  3 2 , namely, when the separation of isomeric pairs of levels a / c increases, then the isotope shifts of their intermolecular separations R eff also increase, and vice versa.
IV. ROVIBRATIONAL CALCULATIONS
As in Refs. 12 and 13, we define the geometry of the CO dimer consisting of molecules A and B by the four coordinates R, A , B , and . The intermolecular distance R is the length of the vector R from the center of mass of monomer A to that of monomer B; A and B are the angles between R and the vectors r A and r B pointing from the C atom to the O atom in the monomers; and is the dihedral angle between the planes defined by ͑R , r A ͒ and ͑R , r B ͒.
The potential energy surface used in the calculations was the hybrid potential energy surface introduced in Ref. 13 . This potential shows two minima close in energy, both corresponding to planar slipped antiparallel structures. The global minimum at −139 cm −1 corresponds to a structure where the C atoms are closer together ͓see Fig. 1͑a͔͒ , the second minimum 16 cm −1 higher in energy to a similar structure with the O atoms nearest to each other ͓see Fig. 1͑b͔͒ . Due to zero-point energy effects the rovibrational energies of the lowest two states that are more or less localized at these two minima are very close: the energy difference is only 0.89 cm −1 for the ͑ 12 C 16 O͒ 2 dimer. O dimer belonging to the a → e band. The methodology for the rovibrational calculations is the same as in Refs. 12 and 13, and the parameters and basis sets were the same as those used in the calculations on ͑ 12 C 16 O͒ 2 and ͑ 13 C 16 O͒ 2 . Rovibrational states of A + and A − symmetries were calculated for total angular momentum J = 0 , . . . , 6, taking Coriolis coupling into account. Although K, the projection of the total angular momentum J on R, is strictly not a good quantum number, we found that for nearly all computed states the contribution of one particular K value was dominant. As in the experiment, the calculated energy levels were fit to a simple rigid rotor expression. The resulting parameters are given in Table IV. In order to facilitate comparison with the experimental data, a graphical representation of the shifts of the stack origins upon substitution of 16 O by 18 O is given in Fig. 4 . The previously calculated 13 effect of substituting 12 C by 13 C is also drawn in this figure. For all three isotopologs, the zero point of energy is chosen halfway between the a and c stack origins. It is obvious from Figs. 3 and 4 that theory and experiment agree very well on the effect of both isotopic substitutions, for all stacks observed.
V. DISCUSSION
It was shown in Ref. 13 Fig. 4 this is not the case. For most of the stacks, the effect of substituting the 16 O atom by a heavier 18 O isotope is opposite to that of replacing the 12 C atom with 13 C. Also, the wave functions of the 12 C 18 O dimer in Fig. 5 show, if anything, more delocalization over the two minima rather than less. In order to investigate this further, we also computed the a and c stack energy levels for ͑ 12 C 18 O͒ 2 and ͑ 13 C 16 O͒ 2 with the potential energy surface expressed in the coordinates, R, A , B , and , of ͑ 12 C 16 O͒ 2 , without adjusting these coordinates for the shift in the monomer centers of mass. The results are summarized in Table V. One can see that when the coordinates in which the potential is expressed are not adjusted for the shift in the monomer centers of mass, i.e., when the anisotropy of the potential with respect to the monomer centers of mass is kept the same as in ͑ and reduced monomer masses are in the same direction as for the 13 C substituted dimer, the total isotope effect on the a / c energy gap and rotational constants B of the a and c stacks is in the opposite direction. This can be explained by the fact that the 12 C 16 O center of mass shifts towards the O atom upon substitution by 18 O, but towards the C atom upon 13 C substitution. In the 12 C 18 O dimer, the effect of the larger monomer mass is canceled and even reversed by the effect of the anisotropy of the potential caused by the monomer center of mass shift.
VI. CONCLUSION
We studied the millimeter wave spectrum of the isotopically substituted CO dimer, ͑ 12 C 18 O͒ 2 . The experiment was performed using a pulsed supersonic jet expansion and intracavity Orotron spectrometer. The results confirm and extend a previous infrared study. 31 A total of seven new transitions were assigned, connecting four low levels with A + symmetry to three levels with A − symmetry. The stack with A − symmetry was observed for the first time. This stack is the lowest energy stack with A − symmetry and defines the frequency of the geared bending mode of the 12 C 18 O dimer at 3.607 cm −1 , a value which is smaller than that of the normal isotope, 3.731 cm −1 , 9 and that of the 13 C substituted isotope, 3.769 cm −1 . 29 New rovibrational calculations were made with the hybrid CO-CO potential of Ref. 13 in order to explain the effects of isotopic substitutions in the CO dimer. The results of these calculations agree very well with experiment, for all isotopologs. It was shown that not only a direct mass effect in the kinetic energy of the dimer, but also the change in anisotropy of the intermolecular potential with respect to the shifted monomer centers of mass, plays an essential role in the CO dimer. A similar effect of the anisotropy of the potential for isotopic shifts in weakly bound dimers has recently been found for He-CO ͑Ref. 33͒ and for HCN-HCl. 
